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ABSTRACT 
Luke R. Arieta: In vivo rapid specific force of the quadriceps femoris muscle 
(Under the direction of Eric D. Ryan) 
 
 Maximal specific force measurements have shown utility but more recently the functional 
relevance of rapid contractions has been emphasized.  Thus, the purpose of this study was to 
assess specific force at rapid time points and determine its reliability and relationship with sprint 
performance.  Thirty-eight participants enrolled in the study and visited the laboratory on three 
occasions.  They completed a sprint assessment, a dual energy X-ray absorptiometry scan, 
isometric strength testing of their thigh muscles, and ultrasound scans of their quadriceps.  The 
reliability of the rapid specific force measurement increased with time, intraclass correlation 
coefficient, 0.443-0.679, standard error of measurement as percentage of the mean, 23.04%-
63.19%.  Sprint time was only related to absolute torque at 150 ms (r=-0.353, P=0.041) and 200 
ms (r=-0.403, P=0.018).  Future studies are needed to determine if rapid specific force is 
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CHAPTER I: INTRODUCTION 
Maximal voluntary muscular strength has traditionally been assessed to determine 
muscular performance (1).  While maximal strength is important, many reviews and original 
research articles have suggested that rapid strength, the ability to increase force or torque as 
quickly as possible from rest, may be more related to sport-specific and functional tasks, more 
protective of common sport injuries, and more sensitive to detect acute and chronic changes in 
neuromuscular function (2-13).  For example, the ability to produce force rapidly has been 
shown to be a better determinate of fall history than maximal force in elderly (9), as well as a 
better predictor of functional outcomes in clinical populations (6) and injury risk factors in first 
responders (8).  Further, rapid force characteristics have athletic relevance as they have been 
shown to discriminate starters from non-starters in American football players (12), potentially 
due to its significant relationship with athletic tasks (4,11).  Additionally, rapid strength is often 
examined at early (< 100 ms) and late (100-200 ms) time intervals from the onset of contraction 
which have been suggested to be governed by unique physiological characteristics (7,14,15).   
 Many factors contribute to the external force produced by a muscle, including the length 
of the tendon moment arm (16), neural activation (14), co-activation of the antagonistic muscles 
(17), and the architecture and size of the agonist muscles (18).  It has been suggested that 
controlling for these extrinsic factors, a measure termed specific force, can provide a more 
accurate assessment of the intrinsic muscle properties in-vivo, including muscle fiber type, 
muscle fiber distribution, and lateral force transmission (19,20).  For example, while controlling 
for the aforementioned properties, Sims and colleagues (2018) found that vastus lateralis specific
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force was lower in adults with achondroplasia (16.7 ± 6.0 N • cm-2) when compared to healthy 
controls (23.6 ± 6.4 N • cm-2), suggesting the muscle itself is affected by this condition.  
Significantly lower gastrocnemius specific force has been reported in the elderly when compared 
to younger populations which suggests the age-related decline in specific force was primarily 
responsible for the age related loss in strength (21). Further, previous work (22) has 
demonstrated that chronic resistance training improved vastus lateralis specific force from 27 ± 
6.3 N • cm-2 to 32.1 ± 7.4 N • cm-2 in older adults, along with similar results within younger 
adults (23), and the authors concluded that the change in specific force was responsible for the 
variable change in maximal strength.  These studies among others, demonstrate the utility of 
maximal specific force assessments to determine the muscle’s intrinsic force producing capacity 
in-vivo in clinical, young, and elderly populations, as well as following training routines.  
However, previous studies have assessed specific force during maximal contractions, and as 
previously stated, rapid contractions may be more functionally relevant.  Thus, a reliable method 
of assessing rapid specific force may offer unique insight into inter-individual differences in the 
intrinsic muscle properties that govern the ability to rapidly produce force, which may be 
stronger predictors of functional performance (e.g. sprint time) than traditional measures of rapid 
force production as suggested by previous authors (24,25)  
 As noted in previous studies (19,20,22,26–30), maximal specific force assessments 
include measures of pennation angle and fascicle length that are measured during active 
contractions (during a MVC plateau).  However, examining muscle architecture near the onset of 
contraction is challenging with traditional ultrasound devices and as such, muscle architecture 
near the onset of contraction will need to be determined from regression equations utilizing 
muscle architecture measures at maximal and various submaximal intensities.  Thus, the 
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purposes of the current project were to: (1) create a regression equation to determine quadriceps 
muscle architecture during rapid force assessments, (2) determine the test-retest reliability of a 
novel rapid specific force calculation at commonly examined early and late time intervals, and 
(3) determine if rapid specific force variables explain more of the variance in sprint performance 
than traditional rapid force.    
Research questions 
1. Can rapid specific force at early and late time intervals be consistently examined? 
2. Do rapid specific force variables explain more of the variance in sprint performance than 
traditional rapid force variables? 
Research hypotheses 
1. Rapid specific force at early and late time intervals will demonstrate acceptable absolute 
and relative consistency values. 
2. Rapid specific force variables will be more related to sprint performance than traditional 
rapid force variables.  
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CHAPTER II: REVIEW OF LITERATURE 
Specific Force 
Specific force or tension refers to the force produced per unit area of muscle.  This 
section will first briefly discuss in-vitro specific force and then, in-vivo specific force, which is 
more relevant to the current study.  Traditionally, specific force has been assessed in-vitro from 
single, isolated muscle fibers where the peak tension is normalized to the fiber cross sectional 
area (CSA) (31–33).  Usually, these experiments isolate and skin the fibers so they can be 
attached to a force transducer and artificially activated with saturating Ca2+ solutions to induce a 
maximal muscular contraction.  A study by Luden and colleagues (2008) found that the specific 
force of isolated myosin heavy chain (MHC) I (109.0 ± 4.2 kN • m-2) and MHC IIa (149.6 ± 6.7 
kN• m-2) fibers from the vastus lateralis muscle were significantly stronger than the MHC I (92.6 
± 4.4 kN • m-2) and MHC IIa (130.4 ± 5.6 kN • m-2) fibers from the soleus, respectively.  
Additionally, studies have displayed differences in the specific tension of different muscle fiber 
isoforms (34–36).  For example, the specific tension of MHC I (43.77 ± 21.90 kN • m-2) fibers 
from the vastus lateralis of adult males was found significantly lower than both MHC IIa (60.64 
± 34.86 kN • m-2) and MHC IIb (61.84 ± 14.49 kN • m-2).  These studies assessing the specific 
force of isolated muscle fibers are in theory assessing the intrinsic force producing capacity of 
the fiber, as the only component contributing to the force produced is from the contractile 
machinery within the fiber.  For example, it has been suggested that differences in single fiber 
specific force could be due to differences in the density of myofilament packing (37).  While
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these measurements are useful for examining differences in muscle fiber types and fibers from 
different muscles, the assessment of specific force in-vivo is more convoluted due to the 
numerous extrinsic factors that can influence the external joint moment produced. 
Accurate in-vivo assessment of specific force requires that the external joint moment 
produced during a contraction be adjusted for the factors extrinsic to the muscle in order to 
assess the intrinsic force producing capacity of the muscle (38).  For example, these factors 
include the tendon moment arm length (16), neural activation of the agonist muscle (14), co-
activation of the antagonist muscle (17), muscle architecture and size (18).  Further, an accurate 
assessment of in-vivo specific force requires that several of these factors, such as activation, co-
activation, and architecture, be measured during an MVC in order to appropriately adjust the net 
joint moment produced.  This was demonstrated in a previous study assessing the differences in 
specific force determined from both cadaveric and in-vivo assessments during MVC and 
reported that cadaveric measurements resulted in large overestimations of muscle force (force 
corrected for activation, co-activation, pennation angle, and moment arm length) and variable 
measurements of physiological cross sectional area (PCSA), which ultimately resulted in a 
significant over or underestimation in specific force of the tibialis anterior and soleus, 
respectively (26).  Interestingly, specific force may decline through the developmental years, as 
one study has shown that boys had significantly higher specific force of the gastrocnemius 
muscle than men, 15.9 ± 2.7 N• cm-2 verses 13.1 ± 2.0 N• cm-2, respectively.  Although, these 
results are potentially muscle specific.  A similar study found no difference in specific force of 
the quadriceps femoris muscle group between boys, girls, men or women (39).  Regardless, 
specific force seems to be increased through training.  Several studies have assessed the effects 
of resistance training on quadriceps femoris specific force (20,23,28,38).  In addition to the 19% 
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increase in specific force displayed in older adults as previously discussed, young males 
increased specific force (17 ± 11%) of the quadriceps femoris from 25.9 ± 5.3 N• cm-2  to 30.3 ± 
6.7 N• cm-2 following nine weeks of lower body resistance training (20).  Resistance training has 
shown consistent results at increasing quadriceps femoris specific force, with the results ranging 
from 16.5-20.1% improvements (20,23,28,38).  It has been suggested that the wide variations in 
strength coming from training interventions can largely be explained by discrepancies in the 
training adaptations to specific force (28).  Further, while controlling for all extrinsic factors 
mentioned, studies assessing the specific force of the vastus lateralis (VL) or the whole 
quadriceps femoris muscle group ranged from 21.5 – 35.5 7 N• cm-2 (19,20,23,27,28,30,38,40).  
Results from these studies demonstrate the utility of specific force measured during MVC.   
Components of Specific Force 
Moment Arm Length  
 Muscular contraction exerts a force transmitted through a tendon in order to produce 
rotational movement of a body segment about a joint, often referred to as the axis of rotation or 
more specifically the instantaneous screw axis (41).  The moment arm length is the perpendicular 
distance from this axis of rotation to the action line of the tendon, which is the patellar tendon for 
the leg extensors (16).  Assessment of the patellar tendon moment arm length (MAPT) is 
necessary to reduce the net joint moment in order to calculate patellar tendon force, since the 
torque produced about the axis of rotation of the knee is equal to the product of the patellar 
tendon force and the MAPT (27).  Several methods have been proposed to calculate the MAPT 
including the geometric imaging method, the tendon excursion method, and the direct load 
measurement method (16).  Of these methods, the two-dimensional geometric imaging method 
around the tibiofemoral contact point (TFCP) is commonly used.  The benefit of using the TFCP, 
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while not an actual physical point within the knee joint, is that it is considered to be the point at 
which the knee joint compressive and shear forces are applied, and because of this the net 
compressive and shear torque is equal to zero, thus eliminating their contribution to the net joint 
moment and allowing for assessment of patellar tendon force (16).  Both magnetic resonance 
imaging (MRI) (23,27,28,38), and dual-energy X-ray absorptiometry (DEXA) (19,30) have been 
utilized for assessment of the TFCP and subsequent MAPT.  However, the use of MRI normally 
requires that the leg being scanned remains fully extended due to spatial limitations within the 
bore of the magnet or the coil around the knee (38).  Because the leg is usually flexed during 
MVC, the MAPT must be adjusted to match the MAPT at the same knee angle (27).  Further, the 
MAPT has been suggested to increase by 14% from rest to MVC and should be accounted for in 
order to accurately determine patellar tendon force (42).       
Neural Activation 
 Voluntary muscular contractions are elicited via stimulation from the somatic nervous 
system and control of muscular force is dependent on both the number of motor units recruited 
and the rate (rate coding) at which they are activated (43).  Additionally, the type (isometric, 
concentric, eccentric), speed, and duration of the contraction performed can all modulate the 
neural signaling.  For example, rapid isometric contractions are likely more initially dependent 
on rate coding than recruitment in order to increase force production, as initial motor neuron 
discharge rates have been shown to reach upwards of 115 Hz during ballistic contractions from 
rest (44).  In comparison, during gradual ramp-like contractions where the force is slowly 
increased, the motor units initially recruited exhibited discharge rates much lower (~5-10 Hz) 
and reached lower peak rates than those units with a higher recruitment threshold (45).  Further, 
training ballistic muscle contractions can also alter the motor neuron discharge rate.  Twelve 
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weeks of rapid contraction resistance training of the ankle dorsiflexors at 30-40% MVC 
significantly increased motor neuron discharge rate during the first three intervals at the onset of 
contraction, and interestingly the percentage of motor neurons displaying doublets, 
electromyography (EMG) spike intervals less than 5 ms apart, increased from 5.2% to 32.7% 
(46).  Additionally, aging seems to decrease motor unit discharge rates.  The first three interspike 
intervals were decreased in a group of older adults compared to younger adults and this was 
coupled with a 26% longer time to peak torque, 48% lower absolute, and 33% lower relative rate 
of force development during ballistic contractions of the ankle dorsiflexors (47).  However, 
while assessing motor neuron discharge rates during sustained maximal contractions, discharge 
rates of 30-60 Hz were examined and motor neurons firing closer to 60 Hz tended to cease firing 
sooner (48).   
Muscle activation is often assessed by the twitch interpolation technique and/or EMG 
amplitude normalized to the maximal muscle compound action potential (M wave) (49,50).  The 
twitch interpolation technique utilizes a superimposed percutaneous stimulation of the femoral 
nerve during leg extensor MVC (51).  The magnitude of this superimposed twitch can be utilized 
in an interpolated twitch ratio along with a resting twitch in order to calculate voluntary 
activation based on the negative linear relationship between voluntary and evoked twitch force 
(49).  Normal ranges for quadriceps voluntary activation utilizing the twitch interpolation 
technique in healthy young adults have been reported to range on average from 89-96% during 
MVC, suggesting that there is a residual force producing capacity of the quadriceps even while 
attempting to maximally produce force (19,23,28,30).  It has also be suggested that muscle 
activation can be assessed by normalizing the EMG signal to the M wave, with a potential 
advantage being the assessment of individual muscles, such as the vastus lateralis, as opposed to 
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force based assessments that measure the entire quadriceps group  (50).  Voluntary activation of 
the leg extensors has been shown to decrease with age during MVC from 91.9 ± 5.9 % in young 
to 86.4 ± 7.7 % in older (52);  although others have found no difference with age (53).  However, 
a recent meta-analysis concluded that there is a significant decrease in muscle activation of the 
leg extensors during MVC with increased age (54).  
Co-activation 
 Co-activation of the antagonist muscle or muscle group during agonist contraction can 
result in a decrease of the external net joint moment produced, and adjusting for this co-
contraction allows for a more accurate assessment of the force produced by the agonist muscle 
only (17).  While assessing the co-activation of the hamstrings, it was found that there was a 
significant increase in the agonist moment when controlling for the antagonist moment verses 
not controlling for it during both eccentric and concentric contractions  (17).  However, some 
level of co-activation of the hamstrings during leg extension is required and potentially preferred 
in order to stabilize the knee joint and protect cartilage by distributing the articular surface 
pressure, which without could increase the chance of knee injury (55).  Assessment of 
hamstrings activation during different contraction intensities has shown a linear relationship 
between EMG signal and torque (17,38).  Therefore, in order to adjust for co-activation of the 
hamstrings while the quadriceps are acting as the agonist, previous authors have suggested using 
the ratio of the root mean square (RMS) EMG amplitude from the hamstrings during co-
contraction while acting as the antagonist over the amplitude while acting as the agonist during 
maximal leg flexion to adjust the torque produced during maximal leg flexion (i.e. a linear 
relationship) (38).  Previous studies have reported an increase in co-activation of the hamstrings 
during leg extension with aging in both older men (56) and women (57).  Interestingly, studies 
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assessing the effect of training on co-activation have yielded differing results.  Some studies 
have found no difference in co-activation following resistance training in both younger 
(20,23,28) and older adults (38,58,59), while some have shown a decrease  (60), or even an 
increase (61).  Although, it should be noted that this increase was seen at the ankle joint, 
potentially suggesting a joint specific response to resistance training.   
Muscle Architecture 
The architecture of a muscle, including both pennation angle (PA) and fascicle length 
(FL), have both been shown to influence the force producing capacity of the muscle (62,63).  
Pennation angle is the angle at which the muscle fibers insert into the aponeurosis, and as the 
angle increases the force transmitted to the tendon is decreased (62,64).  Correcting for the angle 
of pennation by utilizing the cosine of the PA allows for assessment of the true force produced 
by the fibers (40).  Fascicle length has been reported to be a measure of the number of 
sarcomeres in series, and as such is representative of the maximal shortening velocity of the 
muscle (65).  Pennation angle and FL have also been shown to change in a curvilinear manner 
with increasing isometric force production suggesting their contribution to muscular force output 
may change throughout a contraction, with a 23.5 ± 3.3 % decrease and 39.7 ± 6.6 % increase in 
FL and PA from rest to MVC reported, respectively (18).  Further,  trained individuals have been 
reported to have greater PA than untrained individuals (64).  Studies that have implemented 
resistance training programs have shown an increase in PA pre to post intervention of the VL in 
both younger (20) and older adults (38); however, when all four muscle of the quadriceps group 
are examined, no difference was reported for the RF, VI, and VM in the young (23).  Fascicle 
length of the VL was also shown to increase following resistance training in older adults (38).  
Aging alone has shown mixed results, with some studies reporting a decrease in both PA and FL 
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(66), while others report no change in either (67).  Regardless, assessment of muscle architecture 
measures at the time of force being produced is required for accurate assessment of the specific 
force of a muscle (19,20,22,26–30).         
Muscle Size  
 A primary factor responsible for the force producing capacity of a muscle is the number 
of sarcomeres is parallel (68).  The anatomical CSA of non-pennate muscles will give an 
appropriate measure of the number of sarcomeres in parallel as the fibers would be intersected at 
right angles to the line of force, but this is an inaccurate measure in pennate muscles due to the 
angle at which the fibers insert into the aponeurosis (40).  When taking into account the angle of 
the muscle fibers, a cross section taken so there remains a right angle between the fibers and the 
force they produce is termed the PCSA, which can be approximated by dividing the muscle 
volume (MV) by the FL (26,69,70).  Multiple assessments of muscle imaging have been reported 
including the use of both MRI (71,72) and ultrasonography (38).  Muscle volume is then 
calculated by utilizing the separate CSA images in an estimation equation.  Although the number 
of images needed varies based upon the equation used, some of which utilize a single CSA scan 
(72),  whereas others require several (71,73).  However, other methods exist such as diffusion 
tensor imaging (74), to determine PCSA.  Some studies have displayed an increase in PCSA of 
the quadriceps following training in younger adults (20,28); however, these studies utilized 
architecture of the VL only, and a study assessing all constituent muscles of the quadriceps found 
that some (RF and VM), but not all (VL and VI) increased PCSA following resistance training 
(23).  Although, while accounting for the volume and architecture of each separate muscle 
independently, an overall increase of the quadriceps muscle group was shown following 
resistance training (23).  However, previous work in older adults have reported no changes in VL 
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PCSA following resistance training in older adults due to the slightly greater increase in FL than 
MV (38).             
Intrinsic Factors 
 Inter-individual differences in the specific force of the quadriceps muscle group, along 
with resistance training mediated increases, both suggest that the intrinsic force producing 
capacity of the muscles can differ between individual and be enhanced with training.  However, 
exactly which intrinsic factors, such as muscle fiber type and contractile properties or lateral 
force transmission, are responsible for the differences and increases is not yet fully understood 
(20).  The Huxley muscle model suggests that thick (myosin) and thin (actin) filaments slide past 
each other, thus changing the length of the sarcomere and subsequently the muscle, producing  
force (75).  While this model explains how muscular force is produced, differences in the 
distribution of muscle fiber types may influence how much force in produced.  Generally, there 
are two commonly utilized methods to determine muscle fiber type, which are by myosin heavy 
chain content or myosin ATPase (76).  Commonly reported fiber types include both slow (type I) 
and fast (type IIa and IIx) isoforms, but several hybrid isoforms also exist, and the proportion of 
these hybrid fibers has been shown to increase with advancing age as motor unit remodeling, 
brought about by the denervation-reinnervation process, accelerates (77,78).  Several studies 
have shown a higher specific force of isolated fast twitch fibers compared to the slow twitch 
fibers (31,34–36).  Further, a study assessing the effects of one year of resistance training 
showed a 64% and 37% increase in the specific force of both type I and IIa fibers from the VL, 
respectively; however, this study reported no change in the CSA within each of the fiber types, 
and a decrease from 49% to 31% in the number of type IIa pre to post training (36).  Similar 
results were found in older women after one year of resistance training as the specific force of 
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type I and type IIa fibers increased 24% and 37%, respectively (33).  Nearly complete opposite 
results were found in a study assessing the adaptations to a shorter 12-week resistance training 
program.  Results from this study displayed no difference in specific force within fiber types, an 
increase in the CSA of type I, IIa, and IIa/IIx, of which the absolute increase in type II fibers was 
greater but the relative increase was similar across fiber types, along with an increase in the 
percentage of type IIa fibers from 30% to 55% pre to post training (31).  The length, one-year 
verses 12-weeks, could potentially explain the discrepancy seen in the results.  A study by 
Erskine and colleagues (2011) assessing in-vivo specific force prior to and following resistance 
training found that along with an increase in whole muscle specific force, the proportion of 
myosin heavy chain IIx decreased from 29% to 19% with no change in any of the other isoforms; 
however, no correlation was found between in-vivo specific force and any of the myosin heavy 
chain isoform (i.e. I, IIa, or IIx) content or the change in MHC type IIx content (20).  
Interestingly, while the in-vivo specific force of the quadriceps did increase, the specific force of 
the isolated fibers across all fiber types did not change with training.  The results from this study 
suggest that neither fiber type composition nor myofibrillar packing density, as assessed by the 
lack of change in the specific force of isolated fibers, are responsible for the increased in-vivo 
specific force.  This study also found no change in the fiber peak power normalized to fiber 
volume, which alongside the increase in in-vivo specific force potentially suggests an increase in 
lateral force transmission, although this is an indirect measure.           
Rapid Strength 
 Rapid or explosive strength refers to the amount of force/ torque that can be produced in 
the first 200 – 250 ms after the onset of contraction (7).  Several measures of performance can be 
obtained from rapid contractions, including absolute and normalized rapid strength, rate of 
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force/torque development (RFD/ RTD) (i.e. slope of the force/torque-time curve), and impulse 
(11,79).  Rapid strength of the leg extensors is usually assessed during isometric contractions 
with an isokinetic dynamometer utilizing a rotational torque transducer, although it has been 
suggested that custom built dynamometers utilizing linear strain gauge load cells may be more 
accurate due to the decreased compliance allowing for minimal changes in joint angle (7,80).  
However, it should be noted that custom built dynamometers may restrict the joint angle that is 
able to be tested, and thus may lack the ability to assess rapid strength at optimal joint angles.  
Previous studies have shown differences in both absolute and normalized rapid strength and 
maximal strength variables based on knee joint angle (81–83).   
Physiological Determinants  
 Rapid strength assessments are usually measured at early (i.e. <100 ms) and late (100-
200 ms) phases, and are said to be governed by unique physiological parameters (7,14,15).  For 
example, a study by Andersen and Aagaard (2006) assessed the relationship between RFD and 
various physiological parameters, such as MVC and evoked twitch RFD.  As the time from the 
onset of contraction increased, the relationship between MVC and voluntary RFD increased and 
MVC explained greater than 50% of the difference in voluntary RFD at time points greater than 
90 ms.  Additionally, twitch RFD and voluntary RFD displayed a positive relationship at time 
points up to 50 ms, but was non-significant as time increased.  These data suggest that late phase 
rapid force may be more reliant on MVC, whereas early phase may be more reliant on intrinsic 
muscle properties.  However, it is important to consider that while evoked twitches eliminate 
voluntary neural drive to the muscle, other factors, such as muscle architecture and size could 
influence the net torque produced, and thus not exclusively measure the intrinsic muscle 
properties (18).  Although, a previous study has demonstrated a significant relationship between 
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evoked twitch RFD and intrinsic contractile properties of the muscle assessed by MHC isoforms, 
but this relationship was only shown while assessing this relationship across multiple muscle 
groups (84).  Regardless, evoked twitch RFD only explained 36% (r2 = 0.36) of the variance in 
voluntary RFD during the early phase, suggesting other factors are likely also responsible (15).  
A potential explanation is that neural activation is also responsible for the variance in rapid 
strength variables during the early phase of contraction.  A study assessing the association 
between rapid strength and muscle activation, assessed by RMS EMG normalized to the 
maximal M wave,  found that the early phase of explosive contractions was positively associated 
with muscle activation (80).  The same study also reported an increasing reliance on MVC as a 
rapid contraction progressed, along with an evoked octet being the primary determinant of the 
RFD from 50-100 ms.  Further, motor unit modeling has suggested that the motor unit discharge 
rate may be the primary determinant of muscle activation responsible for augmented RFD (85).  
These results further suggest that the early phase of rapid contractions may be reliant on a 
number of factors, such as motor unit discharge rate and intrinsic muscle properties, while the 
later phase is primarily reliant on MVC.  Additionally, stiffness of the tendon aponeurosis 
complex may also be a determinant of rapid strength, as a study has shown a positive 
relationship with RTD during 0-100 ms (r = 0.54) and 0-200 ms (r = 0.56), or the late phase of a 
rapid contraction (86).  
Performance and Injury Prevention 
Several studies have assessed the role of rapid strength on athletic performance (4,5,10–
13).  For example, a study assessing rapid strength variables of the leg extensors and flexors 
found that only rapid strength characteristics of the leg flexors, specifically the time to peak 
RTD, RTD at 30 ms, impulse at 30 and 50 ms, and absolute torque at 30 ms, could discriminate 
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starters from non-starters among collegiate American football players (12).  Similarly, a study 
assessing RTD of the hip extensors was able to discriminate female collegiate soccer players and 
non-athlete controls based on absolute and normalized RTD from 0-50 ms, but not RTD at 100-
200 ms (10).  A study assessing explosive force production during isometric squats in rugby 
union players found that absolute and normalized rapid force at 100 ms (i.e. early phase) was 
significantly related to both 5 m (absolute; normalized: r = -0.50; r = -0.63) and 20 m (absolute; 
normalized: r = -0.50; r =  -0.54) sprint (4).  Rapid strength may also have functional 
implications for elderly individuals.  Older adults with a higher rate of force development of the 
plantar flexors have been shown to have higher maximal walking speeds (2).  Also, older women 
without a history of falls have been shown to have a higher absolute (P = 0.039) and relative (P 
= 0.011) RTD of the hip extensors at 0-50 ms than those with a history of falls (9).  Interestingly, 
RTD at 100-200 ms was not predictive of fall history in this group of older women, potentially 
suggesting the importance of early phase rapid strength in preventing falls, specifically in older 
adults.  Additionally, rapid strength has been utilized to assess injury risk factors in first 
responders.  Mota and colleagues (2018) found that both absolute and normalized later phase 
(100-200 ms) rapid strength of the quadriceps was related (r = -0.462 - -0.336) to a performance 
index assessing functional balance performance in career firefighter.  Results from this study 
highlight the relevance of rapid strength on occupational health and safety.    
Training and Aging  
Resistance or explosive training has been shown to be effective at increasing rapid 
strength variables (14,87).  A study assessing the effects of 14 weeks of resistance training found 
that RFD increased at 30, 50, 100, and 200 ms, while normalized RFD increased 15% from onset 
to one-sixth MVC along with a decrease in the time to one-sixth MVC (14).  Although the type 
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of training completed will influence the adaptive response.  For example, maximal strength 
training has been shown to increase MVC to a greater extent than explosive strength training, but 
the opposite was true for explosive force, particularly at early time points (i.e. 100 ms) (87).  
While training may augment rapid strength, aging has been shown to have a deleterious effect on 
rapid strength.  Older men (66.8 ± 4.5 years) have been shown to have decreased RTD of the leg 
extensors at 50, 100, and 200 ms along with diminished peak RTD compared to both young 
(24.9 ± 3.0 years) and middle-aged (50.6 ± 4.0 years) men (88).  However, no age-related 
differences were shown in relative rapid strength variables.  A potential explanation for this is 
the decreased peak torque in the older compared to both the middle-aged and younger group, 
which is likely related to the lower estimated total thigh muscle CSA.  Older men have also 
displayed lower absolute and relative plantar flexor RTD at 100-200 ms but not 0-50 ms 
compared to young (79).  Also, this lower absolute RTD at 100-200 ms was related to higher 
echo intensity from ultrasonography, smaller PA, and a lower RMS EMG amplitude.  Relative 
RTD at 100-200 ms was also related to echo intensity and RMS EMG amplitude, but not PA.  A 
potential explanation for the lack of difference between the young and older group for RTD at 0-
50 ms is that muscle activation, assessed by RMS EMG, was not different between groups, 
suggesting that while similar at contraction onset, older individuals may have a diminished 
ability to sustain motor unit discharge rates after the onset of contraction.   
Test-retest reliability  
 Test-retest reliability refers to the consistency of a test in measuring the same variable 
across multiple testing sessions, usually across multiple days (89).  However, there are two types 
of consistency that must be considered.  Relative consistency refers to the rank of an individual’s 
scores in relation to other individuals being tested, which is quantified by the intraclass 
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correlation coefficient (ICC) (89).  An ICC of 1.0 would indicate that perfect reliability exists, 
whereas an ICC of 0 would indicate that the test is not reliable at all.  Because the calculation of 
ICC is influenced by between-subjects variability, if there is little differences between the scores 
of all participants then the ICC is likely to be small, and the opposite is true for samples with 
large differences (89).  Thus, ICC is best used as a measure of test-retest reliability in 
combination with a measure of absolute consistency, such as the standard error of measurement 
(SEM).  Absolute consistency refers to the consistency of the results across multiple test of one 
individual and can be used as a measure of the precision of a score (89).  The SEM should be 
calculated as the square root of the mean square error term from an analysis of variance 
(ANOVA) in order to be independent of the ICC (90).  There are numerous models available to 
calculate both ICC and SEM, but model “2,1” from Shrout and Fleiss (91) is often utilized in the 
assessment of test-retest reliability data for physiological performance measures in which the 
results are to be generalized to other laboratories.  Using model “2,1” assumes that the data 
contains a single score from each trial for each participant and that all subjects were assessed by 
the same group of raters, whom were randomly selected from the population of raters.  This 
allows for results of the test-retest reliability to be generalized to other groups of raters or 
laboratories.  Furthermore, authors also suggest using a one-way within-subjects ANOVA to 
assess systemic error (i.e. unidirectional change in performance on repeated testing, such as the 
learning effect or fatigue) (89).  If systemic error is found to exist, additional testing visits may 
need to be included until there is a plateau in performance in order to eliminate such bias (89).          
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CHAPTER III: METHODOLOGY 
Participants  
Thirty-eight young (21.8 ± 3.1 years) non-obese (BMI: 23.3 ± 2.4 kg/m2; stature: 172.4 ± 
10.2 cm; body mass: 69.8 ± 12.8 kg) men (n = 16) and women (n = 22) from the University of 
North Carolina at Chapel Hill surrounding areas participated in the current project.  Participants 
were recreationally active (defined as more than one but less than five hours per week of 
exercise), free of any neuromuscular, cardiovascular, or metabolic disease and had no history of 
major orthopedic surgery, previous knee injury, or serious pain in the lower extremities while 
performing lower extremity exercise.  Female participants were eumenorrheic for the previous 
six months leading up to enrollment and not pregnant nor trying to become pregnant.  This study 
was approved by the University of North Carolina at Chapel Hill Institutional Review Board 
(#18-2137) and all participants read and signed an informed consent document prior to all study 
activities. 
Experimental Design 
 Participants visited the laboratory on three occasions for a familiarization (visit one) and 
two subsequent testing sessions (Figure 1).  There was 2-10 days between visit one and the first 
testing session (visit two), and 3-10 days between visit two and the second testing session (visit 
three) to account for potential residual muscle soreness.  Upon arrival for visit one, all 
participants 1) read and signed an informed consent document, 2) completed a health history 
questionnaire, 3) had their stature and body mass measured, 4) were familiarized with the
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maximal strength testing protocol and submaximal torque tracing, and 5) completed a 10-meter 
sprint assessment.  Participants arrived to visit two and three having abstained from strenuous 
exercise (48 hours), alcohol (24 hours), caffeine (12 hours), as well as fasted (four hours) prior to 
testing.  Testing for visit two and three included 1) a dual-energy x-ray absorptiometry (DEXA) 
scan of the knee, 2) ultrasonography of the participant’s thigh at rest and, 3) maximal isometric 
strength testing of the leg flexors and extensors.  In addition, at the end of visit two, participant’s 
completed submaximal torque tracings while simultaneously using ultrasonography to examine 
muscle architecture of the superficial muscles of the thigh. 
Stature and Body Mass 
Stature was measured to the nearest 0.5 cm and body mass (BM) was recorded to the 
nearest 0.1 kg using a calibrated stadiometer and clinical scale (Seca 769, Seca, Chino, CA), 
respectively.  Body mass index was calculated according to the following equation: BMI = body 
mass (kg) / height2 (m2). 
Isometric Strength Testing 
Participants were seated on a calibrated isokinetic dynamometer (HUMAC Norm, 
Computer Sports Medicine Inc., Stoughton, MA) with a 115° angle between their torso and 
thigh.  Restraining straps were placed and tightened across the torso and pelvis to minimize 
participant movement during contractions.  Participants were asked to cross their arms in front of 
their chest and refrain from grabbing the handles at their sides to provide leverage during 
contractions.  The dominant leg was extended to 60° below the horizontal plane and secured to 
the lever arm five cm above the lateral malleolus of the ankle.  The lateral epicondyle of the 
femur was aligned with the axis of rotation of the dynamometer.  Participants completed three 
warmup contractions (50 – 75% of perceived maximum strength) of the leg extensors (LE) 
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followed by two MVC’s held for 3-4 seconds with two minutes of rest between each contraction.  
Participants were asked to “kick as hard and fast as possible” and were verbally encouraged 
throughout.  Torque (Nm) signals were sampled at 2,000 Hz with a Biopac acquisition system 
(MP150, Biopac Systems, Inc., Santa Barbara, CA) and stored offline on a personal computer for 
processing with a custom written program (LabVIEW 2018, National Instruments, Austin, TX).  
Torque was gravity corrected for passive limb weight and filtered using a fourth order, zero 
phase shift low pass Butterworth filter with a 150 Hz cutoff (92).  Each MVC was visually 
inspected for countermovement or pretension (8,79).  The average baseline torque slope of the 
200 ms preceding contraction onset was -0.27 ± 2.47 Nm •s-1.  Contraction onset was determined 
manually using a high-resolution x- and y-axis scale as described previously (7).  A vertical 
cursor was placed at the point where the signal deflected (i.e. last trough before signal deflection) 
from baseline (7).  Rapid torque variables were calculated from the contraction with the highest 
peak TQ value using the torque-time curve at 50 ms (TQ50), 100 ms (TQ100), 150 ms (TQ150), and 
200 ms (TQ200) from onset (8,79).  These timepoints were used because they represent unique 
physiological characteristics that govern rapid torque development.  Early rapid torque time 
points (< 100ms) are primarily determined by neural contributions, such as motor unit discharge 
rate, and the later time points (>100 ms) are more influenced by MVC force (7).      
Coactivation 
Surface EMG of the biceps femoris was used to represent the entire leg flexor (LF) 
muscle group and was measured with a surface bipolar, pre-amplified electrode (TSD150B 
Biopac Systems, Santa Barbara, CA; gain = 350 and interelectrode distance of 20 mm).  The 
electrode was placed one-half the distance from the ischial tuberosity to the lateral epicondyle of 
the tibia, in accordance with guidelines from the Surface EMG for the Non-invasive Assessment 
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of Muscles project (93).  A pre-gelled disposable reference electrode (Ag-Ag Cl, Quinton Quick 
Prep, Quinton Instruments Co., Bothell, WA) was placed on the tibial tuberosity to serve as a 
ground electrode.  Prior to electrode placement, the skin was shaved, lightly abraded, and 
cleaned with isopropyl alcohol wipes and secured to the skin with hypoallergenic tape.  Leg 
flexor EMG was recorded during three LF MVCs utilizing the same protocol as described above 
(see Isometric Strength Testing) and during all LE MVCs to measure LF coactivation.  All LF 
MVCs were completed with the leg extended to 60° below the horizontal plane in order to be at 
the same angle as during LE contractions (17).  All EMG signals were sampled at 2,000 Hz and 
filtered with a fourth-order, zero phase shift Butterworth filter with a band pass of 10-500 Hz.  
Leg flexor peak torque was determined from the highest 250 ms epoch during three, 3-4 second 
LF MVCs, and the contraction with the highest peak torque was selected for further analysis.  
Rapid torque variables were calculated from the LF (LFAG) at the same timepoints as the LE (50 
ms, 100 ms, 150 ms, and 200ms).  Leg flexor activation (LFACT) and coactivation (LFCO-ACT) 
were calculated as the RMS of the EMG signal during 50 ms intervals centered around each LF 
and LE rapid torque time point, respectively  (80).  The exact intervals were 25-75 ms, 75-125 
ms, 125-175 ms, and 175-225 ms from EMG onset for TQ50, TQ100, TQ150, and TQ200, 
respectively. The onset of EMG signal was determined as the last trough or apex prior to signal 
deflection, independent of torque onset (79).   
Leg flexor torque (LFANT) during LE MVC at each rapid torque timepoint was calculated 
based upon a linear assumption between torque and EMG of the LF according to the following 





A portable, brightness mode ultrasonography device (LOGIQ e 5, General Electric 
Company, Milwaukee, WI) with a multi-frequency linear array probe (12L-RS, 5-13 MHz, 38.4 
mm field of view, General Electric Company, Milwaukee, WI) was used to measure muscle CSA 
(cm2) of the RF, VL, VI, and VM.  Participants lay supine on an exam table while CSA scans 
were taken at rest with minimal pressure applied and acoustic coupling gel to increase image 
quality.  Panoramic images were taken at 25%, 50%, and 75% of muscle length for the RF, VL, 
and VI; 33%, 50%, and 66% of muscle length were used for the VM.  Different percentages of 
muscle length were used for the VM due to pilot testing that revealed the VM has a different 
shape than the other three quadriceps muscles (RF, VL, and VI), which made distal scans less 
visible.  Images were analyzed in an open source image program (ImageJ, National Institutes of 
Health, Bethesda, MD) and the straight-line function was used to convert pixels to cm.  Each 
muscle (RF, VL, VI, and VM) was outlined with the polygon function to include the most 
amount of muscle tissue as possible and least amount of surrounding fascia, which was then 
analyzed to determine CSA.  Muscle volume (cm3) was calculated for each of the individual 
quadriceps muscles (RFMV, VLMV, VIMV, and VMMV) using the Cavalieri formula shown below, 
which assumes a cylinder shape of the muscle between slices (73). 
MV = ∑n ei x CSAi  
 Where n is the number of slices used, and ei is the distance between available slices i and 
i + one.  
Muscle Architecture 
Muscle architecture was assessed using the same ultrasonography device and isokinetic 
dynamometer set up as described previously (see Muscle Volume and Isometric Strength 
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Testing, respectively).  Ultrasound scans were taken while the participant was seated on the 
isokinetic dynamometer at 0% (rest) and at 20%, 40%, 60%, 80%, and 100% MVC.  A line 
representing the appropriate percentage MVC was displayed on a monitor in front of the 
participant (for 20%, 40%, 60%, and 80% only) and they were asked to trace this line with the 
live digitized torque signal.  Once the participant reached the desired torque level and was 
steadily tracing the line, two investigators simultaneously took panoramic scans along the 
fascicular plane following the muscle trajectory proximal to distal of the VL/VI and VM.  An 
additional scan was performed during an additional torque tracing to capture the RF.  The scans 
at rest and at 100% MVC were completed first and second, respectively, with the remaining 
scans completed in random order to minimize the order effect.  Images were analyzed similar to 
the methods described previously (see Muscle Volume).  Fascicle length (cm) was measured as 
the length of the fascicle from the superficial to the deep aponeuroses just inside the surrounding 
fascia (79).  Two fascicles that could clearly be seen from the middle of each image were 
measured and averaged.  Using the same two fascicles, pennation angle (°) was determined as 
the angle between the fascicle and the deep aponeurosis and the average of the two was 
determined for further analysis (79,94).  Since the RF is a bipennate muscle, FL and PA were 
determined from the lateral side only with the assumption that the medial side had identical 
architecture (27).  Due to the curvilinear relationships between FL and PA with torque, second-
order polynomial regression equations were established for both FL (Figure 2) and PA (Figure 3) 
of each muscle (VL, VI, RF and VM) using the data points from rest, 20%, 40%, 60%, 80%, and 
100% MVC (95).  Fascicle length and PA at each rapid time point (50 ms, 100 ms, 150 ms, and 
200 ms) were then estimated from the second-order polynomial curves based on the torque 
produced at each rapid time point relative to maximal torque. 
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Physiological Cross-Sectional Area 
 The PCSA (cm2), which is representative of the number of sarcomeres in parallel, of each 
of the four quadriceps muscles (RF, VL, VI, and VM) was calculated at each of the four rapid 
time points utilizing the FL specific to each based on the following equation (27,96): PCSA = 
MV / FL 
 Muscle volume of the RF was divided by the lateral FL (see Muscle Architecture) (27). 
Patellar Tendon Moment Arm Length 
Patellar tendon moment arm length (MAPT; cm) was measured with a daily calibrated 
DEXA (Lunar iDEXA, GE Healthcare, Chicago, IL) as described previously (30).  Participants 
lay on the exam table on the side of their dominant leg with their knee flexed to a 60-degree 
angle using a goniometer (Baseline Plastic Goniometer 12-1000, Fabrication Enterprises Inc., 
White Plains, NY) to match the angle used during isometric strength testing.  Images were 
exported to an open source image program (ImageJ, National Institutes of Health, Bethesda, 
MD) and the straight-line function was used to convert pixels to cm.  Moment arm length was 
measured as the perpendicular distance between the tibiofemoral contact point, the midpoint of 
the distance between the two femoral condyles and the tibial plateau, and the patellar tendon 
action line (16).  
Calculation of Rapid Specific Force 
 Specific force was calculated as previously described (27,30).  Rapid specific force was 
calculated at each rapid time point (50 ms, 100 ms, 150 ms, and 200 ms) using the TQ, LFANT, 
PCSA, and PA data specific to the rapid time point being used.  Torque produced by the LE at 
each rapid time point was corrected for LF torque at the same time point to determine a net 
torque value using the following equation: LE TQNET = TQ + LFANT  
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 Where LE TQNET  is the net extension torque produced by the LE. 
 Patellar tendon force (FPT) was calculated using the following equation: FPT = LE TQNET  
/ MAPT  
  The PCSA of each quadriceps muscle was corrected for its PA specific to each rapid 
time point, as this reduces the amount of force transmitted to the patellar tendon, and summed to 
give a total corrected PCSA (PCSACORR) based on the following equation: PCSACORR = ∑ PCSA 
x cosine (PA) 
 Finally, rapid specific force of the LE (LERSF) at each time point was calculated using the 
following equation: LERSF = FPT / PCSACORR 
Sprint Assessment    
Thirty-four participants performed a maximal sprint assessment.  Beginning at the start 
line, participants started on their own action from a standing position and sprinted as fast as 
possible 10 meters to the finish line.  Ten-meter sprint time (sec) was assessed from timing gates 
(SMARTSPEED PRO, Fusion Sport, Boulder, CO) that were placed at the start and finish line.  
Prior to the sprint assessment, participants completed a warm-up and one practice trial prior to 
three maximal sprints with one minute of rest between each.  The fastest time of the three sprints 
was used as 10-meter sprint time.    
Statistical Analysis 
Test-retest reliability for LERSF at each time point was determined from days two and 
three per the methods described by Weir (89).  One-way repeated measures ANOVA were used 
to determine systematic variance across testing visits.  Model “2,1” from Shrout and Fleiss (91) 
was used to examine relative and absolute consistency with the ICC and SEM, respectively.  The 
SEM was calculated as the square root of the error mean square from the ANOVA in order to be 
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independent of the ICC (90).  The SEM values were also expressed as a percentage of the mean.  
Pearson’s product moment correlation coefficients were used to assess the relationship between 
LERSF and traditional rapid force variables for each of the four timepoints (50, 100, 150, and 200 
ms) from visit two with 10-meter sprint time. These relationships were also assessed with the 
LERSF and traditional rapid force variables normalized to body mass, per recent 
recommendations (11).  If both traditional and rapid specific force variables were significantly 
related, a Steiger’s Z was used to assess if LERSF was more related to the sprint time than 
traditional rapid force variables (97).  All analyses were performed with SPSS version 26.0 (IBM 
SPSS Inc., Chicago, IL, USA) with statistical significance determined a priori at an alpha level 
of P ≤ 0.05.  
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CHAPTER IV: RESULTS 
 Three participants withdrew from the study following visit two, two data sets were 
dropped from visit three due to excessive pre-onset slopes, and we were unable to capture sprint 
times from four participants, muscle architectural measures of the VL for three participants, VI 
for six participants, and RF for four participants.  Thus, data from 38, 35, 34, and 32 participants 
were used to create the regression equations for FL and PA of the VM, VL, RF, and VI, 
respectively, 34 participants were used to assess the relationships with sprint time, and 33 
participants were used to assess the test-retest reliability.  All data is presented as mean ± 
standard deviation.  All LERSF and absolute rapid torque values used to assess test-retest 
reliability across testing days are shown in Table 1.  Systematic variance was not present across 
testing days for either the LERSF at any time point (P ≥ 0.282) or for absolute rapid torque at any 
time point (P ≥ 0.429).  The ICC for LERSF was 0.443, 0.570, 0.563, and 0.679 for 50 ms, 100 
ms, 150 ms, and 200 ms, respectively.  All SEM data is presented as SEM (% of mean).  The 
SEM for LERSF was 0.68 N•cm-2 (63.19 %), 2.96 N•cm-2 (49.70 %), 3.30 N•cm-2 (35.51 %), and 
2.70 N•cm-2 (23.04 %) for 50 ms, 100 ms, 150 ms, and 200 ms, respectively.  The ICC for 
absolute rapid torque was 0.462, 0.433, 0.710, and 0.759 for 50 ms, 100 ms, 150 ms, and 200 ms, 
respectively.  The SEM for absolute rapid torque was 2.26 N•m (45.33 %), 24.42 N•m 
(63.28 %), 20.66 N•m (33.66 %), and 19.97 N•m (24.81 %) for 50 ms, 100 ms, 150 ms, and 200 
ms, respectively.  All LERSF, absolute rapid torque, and their normalized counterparts from visit 
two used to assess the relationship with sprint time (2.03 ± 0.22 secs) are presented in Table 2.  
Lower sprint time (better performance) was negatively related to higher absolute rapid torque at
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150 ms (r = -0.353, P = 0.041) and 200 ms (r = -0.403, P = 0.018) (Figure 4), but not at 50 or 
100 ms (P ≥ 0.176).  Sprint time was not related to LERSF (P ≥ 0.429), body mass normalized 
LERSF (P ≥ 0.202), or body mass normalized absolute rapid torque (P ≥ 0.109) at any time point.   
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CHAPTER V: DISCUSSION 
 The purpose of the current study was to extend the work of previous authors (20,23,27–
30,38,39,96) who have examined maximal specific force and create a model to assess rapid 
specific force in young healthy men and women.  One key objective of the current study was to 
create regression equations that could be used to determine muscle architecture at time intervals 
near contraction onset commonly used to examine rapid muscle strength.  Eight regressions 
equations were created to assess FL (Figure 2) and PA (Figure 3) at rapid time points for the VL, 
VI, RF, and VM, based on architectural measures of each muscle at rest, 20 %, 40 %, 60 %, 
80 %, and 100 % of MVC.  The data were fit with second-order polynomial regressions 
equations (R2 = 0.9733-0.9987).  Similar to the results from a previous study, as torque increased 
from rest to MVC, FL decreased and PA increased for all four muscles of the quadriceps in a 
curvilinear manner (95).  Although, the FL decreased slightly more from rest to MVC, -29.2 %, -
37.6 %, -39.5%, and -24.2 %, for the VL, VI, RF, and VM, respectively, in the current study than 
previously reported of -24.1%, -24.7 %, -20.6 %, and -21.6 % for the same muscles, respectively.  
Similarly, the relative increase in PA from the current study of 52.6 %, 55.5 %, 75.6%, and 
67.5% from rest to MVC for the VL, VI, RF, and VM, respectively, was also slightly higher than 
previously reported of 24.1 %, 47.1 %, 58.6 %, and 45.1 % for the same muscles (95).  While 
our data follow the general trend from the previous study, two key methodological differences 
may be driving the discrepancy.  First, the current study utilized an extended field of view and 
panoramic mode ultrasonography, which allowed for the entire FL to be captured in one image.  
This is in contrast to the previous study which utilized a linear extrapolation technique to
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calculate total FL by summing the portion visible in the image and the portion that extended out 
of the field of view (95).  This technique of linear extrapolation has previously been shown to 
consistently underestimate true FL (98).  Second, the current study assessed the distal portion of 
the VM, the vastus medialis oblique, which has been shown to have a significantly greater PA 
than the proximal VM, the vastus medialis longus (99).  Nonetheless, these equations allowed for 
the calculation of the novel LERSF measurement and the assessment of its reliability.  
 Our findings indicated that there was no systematic error between testing days for either 
the LERSF (P ≥ 0.282) or absolute rapid torque (P ≥ 0.429) values.  The ICC values for LERSF 
were 0.443, 0.570, 0.563, and 0.679 for 50 ms, 100 ms, 150 ms, and 200 ms, respectively.  
However, the ICC alone is only representative of the relative consistency across testing days and 
as suggested by Weir (89), should be evaluated in conjunction with the SEM.  The SEM values 
for LERSF were 0.68 N•cm-2 (63.19 %), 2.96 N•cm-2 (49.70 %), 3.30 N•cm-2 (35.51 %), and 2.70 
N•cm-2 (23.04 %) for 50 ms, 100 ms, 150 ms, and 200 ms, respectively.  When taken together, 
overall reliability of the LERSF measure improves with increasing time from the onset of 
contraction.  Due to the novelty of the LERSF measurement, assessing reliability of the results 
from the current study to previous studies is difficult.  One previous study that assessed specific 
force during a MVC reported an ICC value of 0.74 and coefficient of variation of 8.79% (27), 
which is lower than many previous studies examining traditional MVC isometric strength, ICC 
0.95-0.99 (27,38,100).  Thus, it is possible that specific force measurements are less reliable than 
traditional strength measurements.  Additionally, rapid force variables may be inherently less 
reliable than maximal strength measurements, which was suggested in a recent review that noted 
rapid strength reliability was commonly lower when compared to MVC assessments, especially 
at early time points (7).  The absolute rapid torque from the current study had ICC values of 
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0.462, 0.433, 0.710, and 0.759, along with SEM values of 2.26 N•m (45.33 %), 24.42 N•m 
(63.28 %), 20.66 N•m (33.66 %), and 19.97 N•m (24.81 %) for 50 ms, 100 ms, 150 ms, and 200 
ms, respectively, which are all poorer than the ICC and SEM for MVC of 0.913 and 16.39 Nm 
(9.86%), which is in agreement with the review (7).  Several previous studies have also assessed 
the reliability of rapid contraction variables and reported absolute and relative consistency values 
lower than that of maximal strength (4,100,101).  For example, a study assessing explosive 
isometric squat reported ICCs and (coefficient of variation) of 0.74 (14.6 %), 0.96 (7.4 %), 0.88 
(5.3 %), and 0.78 (7.9%) for 50 ms, 100 ms, 150 ms, and 200 ms, respectively (4).  All of which 
were poorer than the ICC and (coefficient of variation) reported for MVC strength of 0.96 
(4.0%).  Another study that assessed unilateral leg extension force at 50 ms, 100 ms, and 150 ms 
reported ICC and (coefficient of variation) values of 0.80 (16.6%), 0.91 (6.4%), and 0.90 (5.1%), 
respectively, which all were poorer than MVC strength which was 0.95 (3.3%) (100).  It is 
possible that the lower reliability of the rapid strength measurements is the use of a manual 
verses automated onset selection, which has previously demonstrated higher reliability (101).  
For example, an ICC and SEM (SEM%) of 0.652 and 8.83 N (29.69%), respectively, was 
reported for force at 50 ms in the plantar flexors utilizing manual onset compared to 0.862 and 
3.17 N (11.77%), respectively, utilizing an automated onset detection (101).  Additionally, the 
reliability of the absolute rapid torque values from the current study were considerably lower 
than those for both MAPT (ICC, SEM (SEM %): 0.980, 0.06 cm (1.35%)) and MV of the 
quadriceps femoris (0.992, 37.54 cm3 (2.74%)), further suggesting that the poorer reliability of 
the absolute rapid torque was mostly responsible for the reliability of the LERSF measurement.  
Taken together, the inherently lower reliability of both specific force and of rapid strength 
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measurements is likely responsible for the lower reliability of LERSF when compared to 
traditional maximal strength measurements.   
 The results from the correlations show that higher absolute rapid torque at 150 ms (r = -
0.353, P = 0.041) and 200 ms (r = -0.403, P = 0.018) were related to lower sprint time, however, 
none of the other rapid torque variables were significantly related to sprint performance.  
Notably, it has been suggested that both early (<100 ms) and late (> 100 ms) time points are 
governed by distinct physiological characteristics, such as neural activation and MVC force, 
respectively (7,14,15,80).  The relationship between later time points and sprint performance 
from the current study implies that maximal strength may be a significant determinant of sprint 
performance, which is further evidenced by the significant relationship between MVC torque and 
sprint time from this study (r = -0.593, P ≤ 0.001).  In agreement with our findings, a study 
assessing isometric mid-thigh pull force found a significant relationship between 10 m sprint 
time with peak force (r = -0.673, P ≤ 0.01) and rate of force development from 0-200 seconds (r 
= -0.451, P ≤ 0.05) (102).  A potential explanation for the negative relationship between 
maximal strength and sprint time is that greater ground reaction forces rather than speed of limb 
repositioning has been shown to be more indicative of faster running speed (103).  However, 
several previous studies have assessed the relationship between rapid force variables and sprint 
performance and reported contrasting results (4,104).  For example, lower sprint time during 
both five m and 20 m sprints was related to higher force at 100 ms (five m: r = -0.50, P = 0.034; 
20 m: r = -0.50, P = 0.037) during an isometric squat, but neither were related to force at 50 ms, 
150 ms, 200 ms, or max (4).  Similarly, higher force at 100 ms during an isometric mid-thigh 
pull was related to lower 10 m sprint time (r= -0.54, P < 0.01), but not peak force (104).  An 
important distinction between the studies that found a significant relationship between sprint 
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time and peak strength is that they included both males and females, while both studies that 
showed a relationship between force at 100 ms and sprint time only included males.  Several sex 
differences exist during the early part of a sprint, including males having a shorter contact time 
for the first two steps (105).  This shorter ground contact time may make them less reliant on 
maximal force for sprint performance and thus may explain the difference with the current study.  
The lack of a relationship between the LERSF values and sprint time can likely be 
attributed to controlling for critical elements responsible for differentiating those better equipped 
to perform a sprint.  For example, the specific force measurement quantifies the amount of force 
a muscle can produce per unit area (22,26), therefore eliminating the influence of PCSA, which 
has been shown to be a primary determinate of muscle strength (106).  As previously stated, 
higher maximal strength in the current study was negatively related to lower sprint time and thus 
controlling for PCSA may limit the influence of this relationship.  Further, longer FL has also 
been reported to be related to faster 100 m sprint time (107).  While this sprint distance is much 
longer than used in the current study, it highlights the potential importance of factors extrinsic to 
the muscle itself on determining sprint performance.  Lastly, the lack of relationship between 
body mass normalized rapid force and sprint time is supported by a previous study that did not 
see a change in the relationships between absolute and normalized rapid force from isometric 
squats and sprint time (4).  However, these results are in contrast to previous studies that have 
examined improvements in relationships between rapid force variables and functional tasks when 
normalize to body mass (11,104).       
 In summary, eight regression equations were created to assess FL and PA shortly after 
the onset of contraction of each of the four constituent muscles of the quadriceps femoris, and 
utilized to create a model to assess rapid specific force of the quadriceps femoris muscle in 
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young healthy adults.  The reliability of this novel measure increased with time from contraction 
onset, which followed the same general trend as the reliability of rapid absolute torque variables.  
It is likely that the overall lower reliability of the LERSF measure when compared to maximal 
strength measurements is due to both the lower overall reliability of specific force measurements 
(27) and of rapid strength measurements (4,100,101).  Further, only absolute rapid torque at late 
time points were related to sprint time, potentially due to the relationship between maximal 
strength and sprint performance.  Thus, the LERSF calculation, which provides a measure of 
intrinsic force producing capacity of the muscle, may control for several critical factors extrinsic 
to the muscle that determine sprint performance.  Future studies are needed to determine if the 
LERSF measurement is predictive of other performance metrics or if it can account for sex-based 
differences in rapid strength (108).       
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Figure 1: A schematic of the experimental design. Visits two and three were identical, with visit 






Figure 2: Graphical representations of the regression equations used to calculate fascicle length 
of the A) vastus lateralis, B) vastus intermedius, C) rectus femoris, and D) vastus medialis; 
MVC, maximal voluntary contraction. 
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Figure 3: Graphical representations of the regression equations used to calculate pennation angle 
of the A) vastus lateralis, B) vastus intermedius, C) rectus femoris, and D) vastus medialis; 
MVC, maximal voluntary contraction. 
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Figure 4: Graphical representations of the relationship between sprint time and absolute rapid 
torque at A) 150 ms and B) 200 ms. 
 
 40 
Table 1: Leg extensor rapid specific force and absolute torque values at each rapid time point 
from testing days two and three.  All data presented as mean ± standard deviation.  LERSF: Leg 
extensor rapid specific force, V2: visit 2, V3: visit 3. n = 33 
 
 LERSF (N • cm-2) Absolute rapid torque (Nm) 
 V2 V3 V2 V3 
50 ms 1.03 ± 0.73 1.13 ± 1.06 4.75 ± 3.08 5.20 ± 3.05 
100 ms 5.94 ± 4.89 5.98 ± 4.02 37.60 ± 35.72 39.58 ± 28.37 
150 ms 9.48 ± 5.36 9.13 ± 4.54 61.09 ± 39.23 61.66 ± 36.57 




Table 2: Leg extensor rapid specific force, absolute torque, and normalized values at each rapid 
time point from testing day two used to assess the relationship with sprint time.  All data 
presented as mean ± standard deviation.  LERSF: Leg extensor rapid specific force. n = 34 
 LERSF (N • cm-2) Absolute rapid 
torque (Nm) 
LERSF 
normalized (N • 





50 ms 1.05 ± 0.74 4.71 ± 3.06 0.02 ± 0.01 0.07 ± 0.05 
100 ms 6.01 ± 4.84 37.38 ± 35.21 0.09 ± 0.08 0.53 ± 0.47 
150 ms 9.91 ± 5.35 61.90 ± 37.22 0.15 ± 0.09 0.89 ± 0.51 
200 ms 12.60 ± 5.06 82.16 ± 36.71 0.19 ± 0.09 1.17 ± 0.50 
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